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Rf spectroscopy is one of the most powerful probing techniques in the field of ultracold gases.
We report on a novel rf spectroscopy scheme with which we can detect very weak signals of only
a few atoms. Using this method, we extended the experimentally accessible photon-energies range
by an order of magnitude compared to previous studies. We verify directly a universal property of
fermions with short-range interactions which is a power-law scaling of the rf spectrum tail all the
way up to the interaction scale. We also employ our technique to precisely measure the binding
energy of Feshbach molecules in an extended range of magnetic fields. This data is used to extract
a new calibration of the Feshbach resonance between the two lowest energy levels of 40K.
Degenerate Fermi gases have been used extensively in
recent years to study complex many-body phenomena
[1] such as high-Tc superfluidity [2, 3], magnetic order-
ing [4, 5] and many-body localization [6]. Their useful-
ness lies in their universality and controllability, namely
the ability to characterize their state with a relatively
small number of intensive macroscopic parameters that
can be externally tuned [7]. The prime example is the
contact-like interactions between two fermions with op-
posite spins. Since the gas is dilute, the details of the
inter-atomic interactions are usually not important and
can be replaced by an effective contact pseudo-potential
V (r) = 4pih¯
2a
m δ(r)
∂
∂r r, where a is the s-wave scatter-
ing length, m is the atomic mass and h¯ is the reduced
Planck’s constant [8]. The scattering length can be mod-
ified close to a Fano-Feshbach resonance, which occurs
when the energy of a molecular bound-state is brought
close to that of the colliding atoms, usually by controlling
an external magnetic field [9].
The contact-like interactions give rise to several uni-
versal relations derived by S. Tan and others, all tied-
up through the contact parameter, C [10–15]. Several
of these relations were verified experimentally and the
value of the contact was measured at different thermo-
dynamic conditions [16–21]. This universal behavior is
expected as long as the relevant scale is small compared
to the interaction scale. For example, the spectral func-
tion has a characteristic back-bending at large energies
and momenta which translates into power-law scaling of
their respective distributions: n(k) ∼ C/k4 for the mo-
mentum and n() ∼ C/3/2 for the energy [10, 15, 22].
This scaling is expected to hold for k < 1r0 and  <
h¯
mr20
,
where r0 is the effective range of the potential [10]. The
probability to find an atom decreases rapidly in the tail
of these distributions. Therefore, the range in which the
universal scaling has been experimentally tested to date
is more than an order of magnitude shorter than the in-
teraction scale. In this letter, we address the challenge of
reaching the interaction scale by developing a new high-
sensitivity rf spectroscopy technique. Applying it to a
degenerate Fermi gas around a Feshbach resonance, we
establish a universal power-law scaling of the rf lineshape
over more than two decades in frequency, up to the in-
teraction scale. We demonstrate the universality of the
power-law exponent for data taken at different interac-
tion strengths. Finally, we use the enhanced sensitivity of
our technique to precisely measure the Feshbach molecule
binding-energy up to relatively high energies and obtain
a new calibration for the 40K2 Feshbach resonance posi-
tion and width.
The new rf spectroscopy method is depicted in Fig. 1.
We prepare a quantum degenerate gas of 40K atoms in
a balanced mixture of the two lowest Zeeman sublevels,
denoted by |1〉 and |2〉, whose energy is split by a homo-
geneous magnetic field B. Rf radiation at a frequency
ν transfers a small fraction of the atoms at state |2〉 to
a third Zeeman sublevel |3〉, which is initially unoccu-
pied. The number of atoms out-coupled by the rf pulse
is recorded, and the result of this measurement is the rf
transition rate Γ(ν). Many important observables can
be extracted from Γ(ν), including pair size, superfluid
gap, quasi-particle dispersion and single-particle spectral
function, when the momentum distribution is resolved
[2, 23–28]. In standard rf spectroscopy, the number of
the out-coupled atoms is measured by absorption imag-
ing. Since the photon absorption cross-section is rela-
tively small, detecting very weak signals in the rf line-
shape tail is challenging. We overcame this difficulty by
using fluorescence imaging instead. With fluorescence
imaging, even a single atom can be reliably detected if
held for a sufficient period of time, as was demonstrated
with a magneto-optical trap (MOT) [29]. For rf spec-
troscopy, the main challenge is to capture in a MOT only
the atoms out-coupled by the rf pulse, which may be a
tiny fraction of the whole cloud.
Our approach relies on the difference in energy and
magnetic dipole moments of the various energy levels.
Specifically, all three states |1〉,|2〉, and |3〉 have nega-
tive magnetic dipole moments (“high-field-seekers”) and
are therefore magnetically untrappable [30]. After the rf
pulse is applied, we use a narrow microwave (MW) sweep
to selectively transfer only the population at state |3〉 to
a state |4〉 in the other hyperfine manifold that has a
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FIG. 1. High sensitivity rf spectroscopy. A gas of 40K atoms
in a balanced mixture of states |1〉 = |F = 9/2,m = −9/2〉
and |2〉 = |9/2,−7/2〉 is prepared in T/TF ≈ 0.2 in the vicin-
ity of a Feshbach resonance at B = 202.2G (a). We then
apply a 400µs square pulse of rf radiation with a frequency
ν close to 47MHz (b). This pulse transfers a small fraction
of the atoms to state |3〉 = |9/2,−5/2〉. Next, we transfer
all the atoms in |3〉 to state |4〉 = |7/2,−3/2〉 using MW
sweep whose central frequency depends on the magnetic field
but is typically around 1.6GHz (c). Then the optical trap is
turned off and a quadrupole magnetic field is ramped on (d).
Due to the different signs of their magnetic dipole moments,
atoms at |1〉,|2〉 and |3〉 are anti-trapped while the atoms at
|4〉 are trapped by this field. After a waiting time that ensures
only atoms at state |4〉 are present, the MOT laser beams are
switched on (e). The fluorescence signal of the atoms cap-
tured in the MOT is recorded with a sensitive camera. The
detection sensitivity can in principle reach a single atom, al-
though in our apparatus it is limited to ∼ 5 atoms due to
background scattering from surrounding optical surfaces.
positive magnetic dipole moment and is therefore mag-
netically trappable (“low-field-seeker”). We then turn
on a quadrupole magnetic field which magnetically traps
the atoms in state |4〉 and expels all the rest. Finally,
we turn on the MOT laser beams and record the MOT
fluorescence signal with a sensitive CMOS camera.
The experiments are performed in a newly built appa-
ratus that we now briefly describe. Our system is com-
posed of three interconnected vacuum chambers. In the
first chamber, a 2D MOT [31] generates a stream of cold
atoms that fly through a narrow nozzle to the second
chamber. There, the atoms are captured and cooled in
a dark SPOT 3D MOT [32] followed by a gray molasses
cooling on the D1 line [33]. The atoms are then optically
pumped to a mixture of the F = 9/2,mF = 9/2, 7/2 Zee-
man states, loaded into a QUIC magnetic trap [34] and
cooled by forced MW evaporation down to T/TF ≈ 5,
where TF is the Fermi temperature. At this point the
atoms are loaded into a far-off-resonance optical trap at a
wavelength of λ = 1064nm [35], undergo a short stage of
forced optical evaporation and moved to the third cham-
ber by moving the trap position a distance of 328mm dur-
ing ∼ 1 second. After the transfer is complete, a second
laser beam crossing the first beam at an angle of 45◦ is
turned on. We also apply rf radiation at 5MHz and adia-
batically sweep the magnetic field in order to transfer the
atoms to negative spin states mF = −9/2,−7/2 which
have a broad Feshbach resonance around B0 = 202.2G.
The final stage of optical evaporation ends at a magnetic
field of 203.4G. At this stage, there are around 150, 000
atoms per spin state at T/TF ≈ 0.2. The field is then
ramped adiabatically to the final value B and the system
is left for 10ms to fully equilibrate. The trap oscillation
frequencies in most of the experiments are 2pi × 289 Hz
and 2pi×24 Hz in the radial and axial directions, respec-
tively. The average trap Fermi energy is EF = h×12kHz
with h = 2pih¯.
We probe the system using a 400µs-long square rf pulse
with a spectral resolution of 2.2kHz. The rf power is cho-
sen in the linear regime where it transfers less than 10%
of the atoms, and it is kept constant for all rf frequencies.
Just before releasing the optical trap, we apply a 1.3ms
pulse of MW radiation and sweep its frequency across
200kHz to induce adiabatic rapid passage (ARP) trans-
fer to state |4〉. After the ARP, the optical trap is turned
off abruptly and the quadrupole field is ramped on si-
multaneously, trapping the atoms at state |4〉. We then
wait 100ms for atoms in all other states to completely
leave the MOT capture domain and switch on the MOT
beams. The photons scattered by the atoms in the MOT
are collected for 200ms. Finally, we release the atoms
from the MOT, wait for 400ms, and repeat the detec-
tion sequence to obtain the background signal, which we
subtract.
In Fig. 2 we plot rf spectra taken at different magnetic
fields close to the Feshbach resonance. A tail at high fre-
quencies is apparent and its weight increases as the field
is decreased. For fields B < B0 the spectrum separates
into two distinct features: a narrow peak at zero fre-
quency owing to free atoms and a broad spectrum with a
sharp onset owing to bound Feshbach molecules. The rf
lineshape is normalized by
∫∞
−∞ Γ(ν)dν = 1/2. For this
choice of normalization and when the third spin state in-
teracts only weakly with the two other states, as is the
case with 40K, contact interactions in 3D give rise to a
power-law scaling of Γ(ν) at high frequencies [15, 22, 36]:
Γ(ν)→ C
23/2pi2
· ν−3/2 , (1)
where ν is in units of EF /h and C is in units of NkF ,
where kF is the Fermi wave-vector and N is the total
number of atoms. The increase of the spectral weight
in the tail as B is reduced is expected since the contact
increases monotonically [15].
We first focus on the universal scaling of the rf line-
shape. Previous studies at unitarity (1/kFa = 0) with
standard rf spectroscopy were restricted to ν < 12EF
due to signal to noise ratio [17, 20]. On the other hand,
it was found empirically that the scaling of Eq.(1) starts
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FIG. 2. Rf transition rate, Γ(ν), taken at different magnetic
fields in the vicinity of the Feshbach resonance atB0 = 202.2G
(dashed line). The frequency axis is plotted relative to ν0
- the transition frequency for non-interacting atoms, which
is measured with a spin polarized gas. For clarity, only a
range of 1MHz is shown here. The solid line is the theoretical
Feshbach molecule binding energy given by Eq.(2) using a(B)
with the calibration reported in Ref. [2].
to show up only above 5EF [17]. In this limited range
5EF < ν < 12EF , Γ(ν) decreases by less than a fac-
tor of 4, hence only consistency with a power-law scal-
ing could have been established [17, 20]. Using our new
detection scheme, we are able to extend this range by
more than an order of magnitude, as can be seen in
Fig. 3, where we plot on a logarithmic scale data taken at
1/kFa = 0.49, 0,−0.53 in the BCS-BEC crossover regime
[37]. One of the main results of this work is the observa-
tion of linear scaling of the rf spectrum over more than
two decades up to 150EF − 200EF , which establishes
without any prior assumption that the rf lineshape tail
indeed follows a power-law. Furthermore, we have taken
rf spectra at many other interaction strengths and used
a power-law function Γ(ν) ∝ ν−n to fit the tail. The ex-
ponent n extracted from these fits is plotted in the inset
of Fig. 3. The results are consistent with a value 1.5 pre-
dicted by Eq.(1) over the range of interactions we have
tested. For 40K, the interaction energy scale, h¯2/mr0, is
∼ h × 2.7MHz or ∼ 225EF . Our data extends to this
scale and confirms the universal scaling resulting from
contact-like interactions in the vicinity of the Feshbach
resonance.
Next, we study the Feshbach molecule spectra in Fig. 2
which exist for positive scattering length (B < B0). The
binding energy of the Feshbach molecule is related to the
scattering length through [38]:
Eb =
h¯2
m(a− a¯)2 , (2)
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FIG. 3. Rf lineshapes for three different interaction strengths
in the BCS-BEC crossover [37]: 1/kF a = 0 (unitarity),
1/kF a = 0.49 (BEC) and 1/kF a = −0.53 (BCS). Linear
scaling shows that the data follows a power-law at high fre-
quencies. The inset shows the power-law exponent extracted
by fitting the tail of each dataset with c1/ν
n, starting from
ν > 5EF /h for B > B0 and ν > Eb + 20EF /h for B < B0,
where Eb is given by Eq.(2). The error bars correspond to
one σ confidence interval of the fit parameter.
where a¯ = 1√
8
Γ(3/4)
Γ(5/4)
[
mC6/h¯
2
] 1
4 is the finite range correc-
tion of the van der Waals potential U(r) ≈ −C6/r6. Near
a Feshbach resonance the scattering length can be writ-
ten as a(B) = abg
(
1− ∆B−B0
)
, where ∆ is the width of
the resonance and abg is the background scattering length
[9]. A precise measurement of Eb is valuable in order to
calibrate the molecular potentials and parameters of the
Feshbach resonance [39–41].
We extract the binding energy from the position of
the sharp rise in the molecular spectra, which marks the
molecule dissociation threshold. A general form of the
transition lineshape of a weakly bound molecules is
Γ(ν) = Θ(ν − Eb/h) C
23/2pi2
√
ν − Eb/h
(ν − νw)2 , (3)
where Θ is the Heaviside step function, and in the two-
body limit νw → 0 [24, 42]. Note that Eq.(3) has the cor-
rect high frequency limit given by Eq.(1). As can be seen
in Fig. 2, the molecular signal decreases as the magnetic
field is taken farther away from the resonance. In this
limit, the contact scales as C ∼ 1/a [15] while the bind-
ing energy as Eb ∼ 1/a2. The maximum of the molecular
lineshape in Eq.(3) scales as Max[Γ(ν)] ∼ C/E3/2b ∼ a2.
Farther away from resonance a falls off and consequently
also the rf signal. Therefore, our sensitive rf spectroscopy
technique is particularly well-suited to measure these
weak and extended signals.
Typical experimental data together with a fit to Eq.(3)
are shown in inset of Fig. 4. From these fits at different
magnetic fields we determine Eb(B) with an average rel-
ative accuracy of 2.5% at a 1σ confidence level. The
4197 198 199 200 201 202
0
200
400
600
800
B [Gauss]
E
b
/
h
[k
H
z]
1 2 3
ν− ν0 [MHz]
Γ
(ν
)[
a.
u.
]
FIG. 4. The binding energy (squares) of the Feshbach
molecule at different magnetic fields close to the Feshbach
resonance (dashed vertical line). We extract the binding en-
ergy by fitting the rf lineshape with the molecular spectral
function given by Eq.(3). The inset shows a typical dataset
taken at B = 199.371(8) and the fit (solid line), which yields
Eb/h = 331(2) kHz with 1σ confidence level. The theory of
Eq.(2) (dotted blue line) with the calibration of the Feshbach
resonance parameters given in Ref. [2, 41] (∆ = 7.04(10)G,
B0 = 202.20(2)G and abg = 174a0) shows an increasing sys-
tematic deviation from the data farther away from the reso-
nance. We obtain a satisfactory fit to the data with a two cou-
pled channels calculation based on the model of Ref. [43, 44]
with a new calibration: B0 = 202.14(1)G, ∆ = 6.70(3)G, and
using the known values and abg = 169.7a0[45], C6 = 3897 a.u.
[46] and δµ/h = 2.35MHz/G [44] (solid red line). Eq.(2) with
the new calibration also fits the data well (dashed black line).
results are shown in Fig. 4. For comparison, we also
plot the formula of Eq.(2) with the most recent calibra-
tion of the Feshbach resonance parameters [2, 41]. It fits
well the data near the resonance, but for magnetic fields
larger than 1G a clear systematic deviation develops. A
similar trend was also observed in Ref. [47]. In order to
extract a new calibration, we calculate the binding en-
ergy using a two coupled channels model [43, 44]. This
model depends on five parameters: abg,∆, B0, C6 and δµ,
which is the difference in the magnetic dipole moment of
the open and closed channels. We have fixed the val-
ues of C6 = 3897 atomic units [46], δµ/h = 2.35MHz/G
[44] and abg = 169.7a0 with a0 being the Bohr radius
[45], which have been determined to a good accuracy,
and used ∆ and B0 as fitting parameters. This yields
B0 = 202.14(1)G, ∆ = 6.70(3)G. As can be seen in
Fig. 4, with this calibration both the two channels model
and Eq.(2) fit the data very well. Our new calibration
shifts B0 and ∆ slightly relative to their values in Ref.
[2, 41] and improves their accuracy by a factor of 2 and
3.3, respectively.
In conclusion, we have presented a new sensitive de-
tection scheme for rf spectroscopy which improves this
already powerful technique. The new scheme allows de-
tection of very weak signals of only several atoms. The
new technique has been employed to confirm the uni-
versal behavior of a contact-like potential all the way to
the microscopic interaction scale. In addition, the Fesh-
bach molecule binding energy has been measured in an
extended range of magnetic fields and used to extract
a new calibration of the Feshbach resonance parameters
B0 and ∆. We expect the new technique to be useful in
many applications where the signal is inherently weak,
e.g. when a precise determination of a minority species
spectrum is of interest. In addition, it would be interest-
ing to measure the universal scaling of the rf lineshape
in lower dimensions. In particular, in 2D one expects a
power-law with a different exponent of 2 [48]. Moreover,
crossover from 2D scaling to 3D scaling is expected at
an energy scale corresponding to h¯ωz, with ωz being the
oscillation frequency in the tight direction of the 2D trap.
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